Plant growth is driven by photosynthetic carbon fixation during the day. Some photosynthate is accumulated, often as starch, to support nocturnal metabolism and growth at night. The rate of starch degradation in Arabidopsis leaves at night is essentially linear, and is such that almost all of the starch is used by dawn. We have investigated the timer that matches starch utilization to the duration of the night. The rate of degradation adjusted immediately and appropriately to an unexpected early onset of night. Starch was still degraded in an appropriate manner when the preceding light period was interrupted by a period of darkness. However, when Arabidopsis was grown in abnormal day lengths (28 h or 17 h) starch was exhausted ∼24 h after the last dawn, irrespective of the actual dawn. A mutant lacking the LHY and CCA1 clock components exhausted its starch at the dawn anticipated by its fast-running circadian clock, rather than the actual dawn. Reduced growth of wild-type plants in 28-h days and lhy/cca1 mutants in 24-h days was attributable to the inappropriate rate of starch degradation and the consequent carbon starvation at the end of night. Thus, starch degradation is under circadian control to ensure that carbohydrate availability is maintained until the next anticipated dawn, and this control is necessary for maintaining plant productivity.
Plant growth is driven by photosynthetic carbon fixation during the day. Some photosynthate is accumulated, often as starch, to support nocturnal metabolism and growth at night. The rate of starch degradation in Arabidopsis leaves at night is essentially linear, and is such that almost all of the starch is used by dawn. We have investigated the timer that matches starch utilization to the duration of the night. The rate of degradation adjusted immediately and appropriately to an unexpected early onset of night. Starch was still degraded in an appropriate manner when the preceding light period was interrupted by a period of darkness. However, when Arabidopsis was grown in abnormal day lengths (28 h or 17 h) starch was exhausted ∼24 h after the last dawn, irrespective of the actual dawn. A mutant lacking the LHY and CCA1 clock components exhausted its starch at the dawn anticipated by its fast-running circadian clock, rather than the actual dawn. Reduced growth of wild-type plants in 28 -h days and lhy/cca1 mutants in 24-h days was attributable to the inappropriate rate of starch degradation and the consequent carbon starvation at the end of night. Thus, starch degradation is under circadian control to ensure that carbohydrate availability is maintained until the next anticipated dawn, and this control is necessary for maintaining plant productivity.
circadian clock | starch degradation | carbohydrate metabolism P lants are exposed to a daily alternation between light and dark. Although growth in the light can be directly fueled by photosynthesis, in the dark it depends on stored carbohydrate. In many species, starch accumulates in the light and is broken down to provide sugars for metabolism and growth at night. The rate of starch degradation in Arabidopsis leaves at night is essentially linear under a wide range of day/night lengths, and is such that about 95% of the starch is used by dawn (1, 2) . This match between the length of time taken to degrade the starch reserves and the length of the night is vitally important for the normal growth of the plant. If the night is artificially extended beyond the normal dawn, the growth rate of the plant drops abruptly (3) . Mutant plants that cannot accumulate starch, or degrade it only very slowly, have much lower growth rates than wild-type plants during normal nights and a reduced overall growth rate, except in continuous light or very long days (2) (3) (4) . These reductions in growth rate are accompanied by large transcriptional changes indicative of carbon starvation.
Remarkably, the rate of starch degradation in Arabidopsis plants adjusts immediately to an unexpected early or late onset of night. When plants grown in 16-h light/8-h dark were subjected to darkness after only 8 h of light, the rate of starch degradation was much slower than on previous nights. Conversely, when plants grown in 8-h light/16-h dark were given a 16-h light period, the subsequent rate of starch degradation was much faster than on previous nights (5). These observations imply that a timing mechanism matches the utilization of starch to the anticipated length of the night.
The circadian clock plays an important role in controlling plant growth rate. When plants are grown in conditions in which there is a mismatch between the endogenous period of the circadian clock and the actual day length, productivity is reduced (6) . Previous reports have suggested that the link between the clock and growth rate is via control of photosynthesis during the day. Reduced growth rates in mismatched conditions were reported to correlate with reduced chlorophyll contents and lower rates of photosynthesis (6) . Correlations were also recently reported between expression of particular clock genes, high chlorophyll contents, high starch contents during the light period, and high growth rates in Arabidopsis hybrids and alloploids (7) . However, our recent results do not support these suggestions. We found a negative correlation between biomass and the starch content at the end of the light period across numerous Arabidopsis accessions (8, 9) ; in other words, high growth rates were associated with utilization rather than storage of carbon during the day. Thus, the link between the circadian clock and plant growth rate remains to be established.
An alternative explanation for this link is that the circadian clock constitutes the timer that matches the utilization of starch to the anticipated length of the night. If this is the case, a mismatch between the endogenous period of the circadian clock and the actual day length would result in suboptimal carbon availability at night, and thus reduced growth rate. The following experiments test the hypothesis that starch degradation at night is under circadian control, and investigate the consequences for growth.
Results and Discussion
Starch Degradation Rates Adjust to Prevent Nighttime Starvation Symptoms After an Early Onset of Night. To investigate the capacity to adjust starch degradation rates after an unexpected early onset of night (5), we grew WT Arabidopsis plants for 4 weeks under 12-h light/12-h dark cycles (24-h T-cycles) and then subjected them to a single early night, after 8 h rather than 12 h of light. In this and subsequent experiments, the night was extended beyond 12 h in the dark period in which plants were harvested. Starch degradation after the early night was linear but markedly slower than in control plants (Fig. 1A) . Starch was exhausted at the end of the night: that is, after 16 h dark rather than 12 h. Thus, an early night caused an immediate, large adjustment of the rate of degradation so that starch reserves lasted until the next anticipated dawn (24 h from the previous dawn, ZT24).
To look for symptoms of starvation, we measured transcript levels of two genes that are expressed specifically in response to low sugar levels (At3g59940, At1g76410: "sugar-repressed" or "starvation" genes: described in Fig. S1 ). We have shown previously that transcript levels of these genes are high in carbon-starved Arabidopsis seedlings and decrease rapidly when sugars are resupplied. In WT rosettes, the levels are very low throughout the day and most of the night, but rise slightly at the end of the normal night and strongly when the night is extended. They rise strongly during the normal night in a mutant unable to synthesize starch (3, 4, (10) (11) (12) .
Transcript levels of At3g59940 and At1g76410 were low for most of a normal 12-h night (Fig. 1B) . They started to rise in the last 2 h of the night, and rose further when the night was extended beyond ZT24. These data are consistent with the idea that starch degradation maintains adequate sugar levels through most of the night, and that sugar levels fall when starch is exhausted (4) . Transcript levels in plants subjected to an early night behaved similarly to those in control plants. Levels started to rise when starch was almost exhausted, 14 h to 16 h into the night (ZT22-ZT24), and rose further in the extended night (Fig. 1B) . Thus, the adjustment of the rate of starch degradation in response to an early night allows adequate sugar levels to be maintained until the following dawn.
To determine the extent to which the rate of starch degradation can be adjusted to unexpected changes in the length of the light period, we used a starvation reporter line, harboring the promoter of the sugar-repressed gene At1g10700 fused to luciferase (pAt1g10070::luc, described in Fig. S1 ). Plants grown in 24-h T-cycles were transferred to darkness after 4, 6, 8, or 12 h of light. As expected, bioluminescence (a measure of luciferase expression) was very low at the end of the night (ZT24) in plants that experienced either 12 h (controls) or 8 h of light, but increased rapidly after a 2-h extension of the night (Fig. S1) . Bioluminescence increased about 2 h earlier than in controls in plants transferred to darkness after 6 h of light, and well before the end of the night in plants transferred after 4 h of light. Thus, plants grown in 24-h T-cycles can adjust starch degradation to maintain adequate sugar levels until the end of the night if the light period is unexpectedly shortened by 4 h, but not if it is shortened to a greater extent.
Timing of Starch Degradation Is Linked to the Circadian Clock. The rate of starch degradation could be adjusted either by a 24-h "hourglass" timer that is reset at each dark-to-light transition, or by a circadian timer. Plants grown from germination under skeleton photoperiods (13) , in which the 12-h "light period" is interrupted after 2 h by 5 h of darkness, showed a normal pattern of starch degradation during the night (Fig. 2 ), indicating that a circadian timer rather than an hourglass timer controls the rate of starch degradation (discussed in SI Methods).
This idea was supported by results from plants grown from germination under 28-h T-cycles (14-h light/14-h dark). Starch degradation proceeded at a high, near-linear rate during the first part of the night (Fig. 3A) . After 8 h of darkness (ZT22), when 83% of the starch was depleted, the rate of starch degradation decreased 5-fold (Fig. 3A) . Extrapolation of the initial rate would result in exhaustion of starch after 10 h of darkness (ZT24). Transcript levels of sugar-repressed genes rose rapidly after 10 h of darkness (ZT24), indicating that starch degradation can no longer maintain adequate sugar levels at this point (Fig. 3A) .
To check the phase of the established circadian clock in 28-h T-cycles in our growth conditions, we measured transcript levels of LHY and GBS1. LHY is part of the central oscillator of the clock: its transcript levels peak at dawn in a 24-h cycle (14) . GBS1 transcript levels are under circadian control, and closely follow the LHY pattern (15, 16) (Fig. 4A ). Under 28-h T-cycles, transcript levels for both genes peaked about 8 h into the night (ZT22: 6 h before dawn). This result coincides with the end of the rapid phase of starch degradation (Fig. 3A) .
We also grew plants under 17-h T-cycles (8.5-h light/8.5-h dark). In these plants, the rate of starch degradation was too slow to permit consumption of most of the starch by the end of the night: about 40% of the starch remained at ZT17 (Fig. 3B) . During a single extension of the night, we observed continued near-linear starch degradation, with exhaustion of reserves at about ZT23 (Fig. 3B) . Transcript levels of sugar-repressed genes rose only after ZT22, indicating that an adequate sugar supply was maintained up to ZT22 (Fig. 3B) . Transcript levels for LHY and GBS1 were low during the 8.5-h night, and during an extended night rose to peak at about ZT22 (Fig. 3B) , coinciding with the end of the rapid, linear phase of starch degradation.
A Circadian Clock Mutant Shows an Abnormal Pattern of Starch Degradation. Our results imply that under day-night cycles shorter or longer than 24 h, the rate of starch degradation is controlled according to the dawn anticipated by the circadian clock. If the circadian control of starch degradation is a function of the established circadian clock, mutations that alter the phase of the clock in plants growing in soil in day-night cycles might be expected to affect the rate of starch degradation. This prediction was tested using the Arabidopsis circadian clock mutant cca1-11/ lhy-21 (cca1/lhy). CCA1 and LHY are components of the central clock oscillator (14, 17) . The clock in cca1/lhy seedlings has a short free-running period of about 17 h under continuous light (14, 17, 18) . Importantly for our purpose, there is also a strong phase advance (about 4 h) in the expression of clock and clockregulated genes when this mutant is grown on soil without exogenous carbohydrate in 24-h T-cycles (19, 20) .
Under 24-h T-cycles, cca1/lhy plants accumulated 20% less starch during the day than WT plants ( Fig. 4A) . This difference might stem from differences in day-length perception between cca1/lhy and WT plants (discussed in SI Methods). During the night, the relative rate of starch degradation in cca1/lhy was 35% faster than in WT. Starch reserves were exhausted 3 to 4 h before the end of the night (Fig. 4A, Fig. S2 , Table S1 , and SI Methods). Transcript levels of sugar-repressed genes rose 3 to 4 h earlier in cca1/lhy than in WT, coincident with the end of the near-linear phase of starch degradation in the mutant (Fig. 4A) . We checked the timing of expression of genes under circadian clock control by analyzing GBS1 transcript levels. As expected from previous reports (19, 20) , peak levels occurred 3 to 4 h earlier in the mutant than in WT (Fig. 4A) . The peak coincided with the end of the near-linear phase of starch degradation and the rise in expression of sugar-repressed genes.
A normal pattern of starch degradation in relation to dawn was restored in cca1/lhy when the day-night cycle matched the free-running period of its circadian clock. Under 17-h T-cycles, starch degradation in cca1/lhy leaves was near-linear and almost complete by the end of the 8.5-h night (Fig. 4B) . WT plants under 24-h T-cycles and cca1/lhy plants under 17-h T-cycles had almost identical patterns of starch degradation in relation to the actual dawn (Fig. S3) . In 17-h T-cycles, cca1/lhy showed an increase in transcript levels of sugar-repressed genes only if the night was extended beyond 8.5 h (ZT17), indicating that an adequate sugar supply was maintained throughout the 8.5-h night (Fig. 4B) . Peak transcript levels of GBS1 coincided with the end of the 8.5-h night and the end of the near-linear phase of starch degradation. These results show that the CCA1 and LHY components of the circadian clock are necessary for the normal circadian control of the rate of starch degradation.
Reduced Productivity in Abnormally Long Day Lengths Is Attributable
to Exhaustion of Starch Reserves Before the End of the Night. Dodd et al. (6) showed that WT plants and toc1-2 and ztl-3 mutants (which have short and long free-running periods, respectively) have less chlorophyll, lower rates of CO 2 assimilation, and slower growth when there is a mismatch between the length of the daynight cycle and the free-running period of their circadian clock. Thus, toc1 grew better in 20-h than 28-h T-cycles, ztl grew better in 28-h than 20-h T-cycles, and WT plants grew better in 24-h than either 20-h or 28-h T-cycles. They hypothesized that under mismatched conditions, inappropriate expression of circadiancontrolled genes encoding the light-harvesting apparatus led to reduced chlorophyll content, hence reduced CO 2 assimilation and ultimately reduced growth. We also observed that WT Arabidopsis plants had less biomass (Fig. 5A, black bars) and less chlorophyll (Fig. 5B) when grown under 28-h T-cycles than under 24-h T-cycles. However, the rate of CO 2 assimilation in ambient irradiance was slightly higher under 28-h T-cycles than 24-h T-cycles (Fig. 5C ). These results indicate that the reduction in growth under 28-h T-cycles is not solely because of changes in chlorophyll content. Indeed, previous studies show that reduc- tions in chlorophyll content of this magnitude have little effect on CO 2 assimilation in nonsaturating irradiance (21) (22) (23) (24) .
Our discovery that the rate of starch degradation is under circadian control suggested an alternative explanation for the reduced productivity of WT plants in abnormal day lengths. We reasoned that the low growth rate under 28-h T-cycles might be related to the starvation response that occurs each night after starch reserves are exhausted (Fig. 3A) . Plants exhibiting carbohydrate starvation symptoms during an extended night undergo rapid arrest of root growth (2) , and mutant plants defective in starch synthesis or degradation show reduced growth at night (25) . To test this idea, we examined the performance under 28-h Tcycles of two mutants in which starch reserves are not exhausted at the end of a normal night: sex4 and lsf1. SEX4 (At3g52180) is a phosphoglucan phosphatase that dephosphorylates starch polymers before their degradation. It is part of the glucan phosphorylation and dephosphorylation cycle which is essential for normal starch degradation (26) (27) (28) . LSF1 (At3g01510) is a putative chloroplastic phosphatase similar in sequence and domain structure to SEX4 (29) . Under 24-h T-cycles, both mutants degrade starch at a rate comparable with or slightly lower than that of WT plants. However, because they contain more starch at dusk, they still contain a significant amount of starch at the end of the night (27) (28) (29) (30) (31) (Fig. 5D ) (T24 eon). This phenotype was retained under 28-h T-cycles. After 10 h of darkness (ZT24), the mutants retained 65% (sex4) and 27% (lsf1) of their starch, respectively; WT retained only 6.5% (Fig. 5D and Fig. S4A) . Crucially, the mutants maintained 4-to 6-fold higher rates of starch degradation than WT plants during the last 4 h of the night in 28-h T-cycles (Fig.  S4B) . Whereas transcript levels of the sugar-repressed gene At1g76410 were high in WT plants at the end of the 28-h T-cycle, levels remained low in sex4 and lsf1 (Fig. 5E) . Thus, both mutants maintain sufficient rates of starch degradation through the night in 28-h T-cycles to avoid the onset of the starvation response observed in WT plants from ZT22 onwards (Fig. 3A) .
We measured the fresh weights of 4-week-old sex4, lsf1 and WT plants grown under 24-h and 28-h T-cycles (Fig. 5A) . The mutants were smaller than WT plants in a 24-h T-cycle, but not in a 28-h T cycle. Whereas WT plants weighed 37% less under 28-h than under 24-h T-cycles, the mutants grew as well or better under a 28-h T-cycle than a 24-h T-cycle. This was not because of elevated rates of CO 2 assimilation; there was no significant difference in rates between WT and mutant lines under either 24-h or 28-h T-cycles (Fig. S4C) . We conclude that the reduced growth of WT plants under 28-h T-cycles is a consequence of the mismatch between the timing of starch degradation as imposed by the circadian clock and the actual length of the night.
As a further test of the relationship between carbohydrate availability and growth in abnormally long days, we showed that exogenous provision of sucrose to WT plants eliminated the difference in growth rate between 24-h and 28-h T-cycles (Fig. 5F ).
Optimal Plant Growth Requires Correct Anticipation of Dawn Rather Than a Match Between the Free-Running Period and the Length of the Day-Night Cycle. We reasoned that cca1/lhy plants would be expected to grow better in 20-h T-cycles, in which starch reserves last until dawn, than in 24-h T-cycles in which starch reserves are exhausted before dawn (Fig. 4) . This theory proved to be the case; cca1/lhy plants grew better under 20-h T-cycles than under 24-h or 28-h T-cycles (Fig. S5) .
We also investigated the response of the toc1-2 and ztl-3 mutants under 20-h, 24-h, and 28-h T-cycles. As observed previously (6), toc1-2 (short free-running period) grew significantly better under 20-h T-cycles than 28-h T-cycles and ztl-3 (long freerunning period) grew better under 28-h T-cycles than 20-h Tcycles (P < 0.05) (Fig. S6) . However, both mutants grew best under normal 24-h T-cycles (P < 0.01) (Fig. S6 ). There were no obvious differences in the pattern of starch degradation between toc1, ztl, and the appropriate WT controls in a 24-h T-cycle (Figs. S6 and S7). One possible explanation for the lack of effect of these mutations in light-dark cycles is that they may not influence the outputs of the circadian mechanism that control starch degradation under these conditions. It is apparent from the literature that the toc1 and ztl mutations affect some clock outputs but not others during growth in light-dark cycles. For example, toc1-1 alters the timing of CO expression but not LHY or GIGANTEA expression in light-dark cycles (32) . Although we have shown that CCA1 and/ or LHY are necessary for normal circadian control of starch degradation, much work will be required to establish which elements of the circadian mechanism mediate this control in WT plants in light-dark cycles. Further interpretation of the toc1 and ztl phenotypes must await this information.
As observed by Dodd et al. (6) , WT plants grew less well under 20-h T-cycles than they did under 24-h T-cycles (Fig. S5) . This result cannot be because of periods of starvation during the night. However, incomplete utilization of starch during the night in short T-cycles (Fig. 3B) represents a suboptimal balance between carbon assimilation, storage, and utilization, which is likely to have a negative impact on plant growth (2) . Mistiming of other growth-related phenomena under circadian control may also contribute to reduced productivity under short T-cycles.
Plant Productivity Is Dependent on Correct Timing of Starch Degradation at Night. We suggest that control of the supply of carbohydrate for growth during the night is a major and previously overlooked function of circadian mechanisms in plants. The capacity to anticipate dawn is essential for optimal utilization of carbohydrate reserves during the night. Previous research on the role of the circadian clock in the maintenance of growth during the night has sought to explain the rhythmic growth of hypocotyls in experimental systems that often include exogenous sugars. It has emphasized the integration of light and circadian signals (33, 34) and the importance of the timing of expression of genes encoding components of phytohormone turnover, sensing and signaling pathways (35) . Our research shows that a full explanation of the control of plant growth during the night, applicable to mature plants that are fully dependent on photosynthesis, must take into account the dependence of nighttime growth on appropriate timing of the utilization of carbohydrate reserves and the role of circadian mechanisms in this timing.
Although the potential importance for plant productivity of circadian control of carbohydrate metabolism has been recognized previously (6, 7) , these studies proposed that the target for circadian control was carbohydrate accumulation in the light, rather than its utilization at night. Our results overturn this view; they provide direct evidence that reduced growth of WT plants in days longer than 24 h is because of an inappropriate rate of carbohydrate utilization at night. This explanation could also at least in part account for reduced growth in days shorter than 24 h. Furthermore, we show that plants do not necessarily grow best in day-lengths that match the free-running periods of their circadian clocks. Instead, the relationship between the length of the day-night cycle and plant productivity depends to a large extent on the match between the timing of exhaustion of carbohydrate reserves and the actual dawn.
The molecular nature of the timer that sets the rate of starch degradation remains to be elucidated. The fact that the timer is gated, in that it is set by light at the real dawn but not reset by further dark-light transitions during the subsequent 12 h (Fig. 2 and SI Methods), provides compelling evidence that it involves a circadian mechanism. Independent evidence for a circadian mechanism is provided by our demonstration that the rate is matched to the anticipated dawn in the short-period mutant lhy/cca1, which lacks central components of the established circadian clock.
Circadian control alone cannot account for the precise matching between the rate of utilization of starch reserves and the anticipated dawn. The capacity to adjust the rate immediately and appropriately in response to an unexpected early night, shown in Fig. 1A , also requires information about the starch content of the leaf at the onset of night. Time and starch content information must be processed to determine and then implement the appropriate rate of degradation. Nothing is known about how starch content is "measured," or how this information is combined with outputs from the clock to determine the rate at which the starch granule is degraded. Our research thus opens up previously unexplored biological questions of great importance to understanding of plant growth and productivity.
Methods
Plant Material. Plants were grown for 3 to 4 weeks in soil in chambers at 20°C, 75% relative humidity, and a light intensity of 170 μmol quanta PAR m −1 s −1 from fluorescent tubes. This light intensity is limiting for photosynthesis (36) . Rosettes were harvested into liquid nitrogen. WT controls and mutants were in the same genetic background in a given experiment. ztl-3, sex4-3, and lsf1-1 are in the Col background, cca1-11/lhy-21 in the Ws background; and toc1-2 in the C24 background. Results in data displays are from single batches of plants. All experiments were repeated, with the same results, on at least one further, independently grown batch of plants.
Measurement of Starch and Chlorophyll. For measurement of starch, individual frozen rosettes were ground in a ball mill (Genogrinder: BT&C), perchloric acid (0.7 M) was added, material was transferred to 96-well plates, three washing steps were performed with 80% (vol/vol) aq. ethanol, samples were resuspended in water at 90°C for 20 min, and starch was digested with amyloglucosidase and α-amylase and assayed as glucose (37) . For measurement of chlorophyll, samples of two leaves of individual rosettes were extracted in 80% (vol/vol) aq. acetone. Chlorophyll content was calculated from measurements of absorbance of the clarified extract at 645 nm and 663 nm.
Transcript Analysis. mRNA was extracted from samples consisting of two or three leaves from a single rosette using the RNeasy kit (Qiagen). cDNA was synthesized using the SuperScript III kit (Invitrogen). Quantitative real-time PCR was performed using the SYBR green PCR kit (Qiagen) and a DNA Engine Opticon 4 system (MJ Research Inc.). The primer sequences are given in SI Methods. Threshold cycle values were determined using Opticon Monitor software (MJ Research Inc.), normalized against the UBIQUITIN control, and relative expression calculated by setting the lowest expression value of each graph to 1.
Photosynthetic Gas Exchange. Gas exchange was measured in the middle of the light period on individual mature leaves using a LI-6400 Photosynthesis System (LI-COR Biosciences U.K. Ltd.). Conditions in the leaf chamber resembled those in the growth chamber: 60% relative humidity, 400 μL l −1 CO 2 , 180 μmol quanta PAR m −1 s −1 and 20°C. The leaf chamber was allowed to equilibrate for 40 s before starting measurements.
